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Department of Biological Sciences, University of Calgary, Calgary, Alberta, CanadaABSTRACT We investigated the possible role of SP-B proteins in the function of lung surfactant. To this end, lipid monolayers
at the air/water interface, bilayers in water, and transformations between them in the presence of SP-B were simulated. The
proteins attached bilayers to monolayers, providing close proximity of the reservoirs with the interface. In the attached aggre-
gates, SP-B mediated establishment of the lipid-lined connection similar to the hemifusion stalk. Via this connection, a lipid
flow was initiated between the monolayer at the interface and the bilayer in water in a surface-tension-dependent manner.
On interface expansion, the flow of lipids to the monolayer restored the surface tension to the equilibrium spreading value.
SP-B induced formation of bilayer folds from the monolayer at positive surface tensions below the equilibrium. In the absence
of proteins, lipid monolayers were stable at these conditions. Fold nucleation was initiated by SP-B from the liquid-expanded
monolayer phase by local bending, and the proteins lined the curved perimeter of the growing fold. No effect on the liquid-
condensed phase was observed. Covalently linked dimers resulted in faster kinetics for monolayer folding. The simulation
results are in line with existing hypotheses on SP-B activity in lung surfactant and explain its molecular mechanism.INTRODUCTIONLung surfactant is a thin film lining the gas exchange inter-
face in the lung alveoli. It consists of lipids (~90% wt) and
proteins (~10% wt) (1). The lipid fraction consists mainly of
phosphatidylcholine (~80% of total), half of which is
dipalmitoyl phosphatidylcholine (DPPC) (~40%); other
components are anionic phosphatidylinositol and phosphati-
dylglycerol (~8–15% of lipids), neutral lipids (mainly
cholesterol, ~5–10%), palmitic acid, and other components
in small amounts, with comparable contents of saturated and
unsaturated lipids (2). Two hydrophilic proteins, SP-A and
SP-D, constitute a larger fraction and are mainly involved
in the innate immune response, whereas two hydrophobic
proteins, SP-B and SP-C (<3% of the total), participate in
surface activity (3–5). This mixture forms a monolayer at
the air/water interface with associated bilayer reservoirs in
water (6–8).
The main function of lung surfactant is maintaining the
surface tension at the interface at low values (9). This facil-
itates breathing and prevents alveolar collapse due to Lap-
lace pressure. To achieve this function, lung surfactant
must be able to adsorb rapidly to the interface, sustain
near-zero surface tension on interface compression at exha-
lation, and prevent surface tension increase at inhalation
(5,10,11). To meet the first and third of these requirements,
efficient transfer of lipids to the interface is essential. This
transfer is mediated by SP-B and SP-C proteins (see Rugo-
nyi et al. (11) and Serrano and Pe´rez-Gil (12) and references
therein) and is believed to be achieved via a highly curved
stalk-like intermediate (13). The proteins are also knownSubmitted January 12, 2011, and accepted for publication February 14,
2011.
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bilayer reservoirs (14–18). Collapse occurs close to the
equilibrium surface tension, at which a monolayer coexists
with bilayers (19). Bilayer reservoirs not only provide the
source of lipids for the monolayer on expansion, but are
also believed to enhance the monolayer stability on interface
compression (20–22).
SP-B and SP-C proteins, although present in small
amounts (each <1.5%), thus play an active role. Absence
of SP-C leads to altered lung function (23,24), and defi-
ciency of SP-B is lethal (25,26). SP-B is a small (79-residue)
hydrophobic protein carrying a total positive charge of þ7
(27). SP-B can form a homodimer linked via a cysteine
residue (4,28), and six other cysteines form intramolecular
disulfide bridges (29). High-resolution structures of
synthetic protein fragments (e.g., N-terminal 1–25 (30), or
34-residue mini-B (31)) are available, but the 3D structure
of the full-length protein is not known. Given its crucial
function, the presence of SP-B is desirable in artificial
surfactant replacements. Designing surfactant replacements
is mainly targeted at effective treatment of acute respiratory
distress syndrome (ARDS) (32). The full-length protein
(dimer) is, however, difficult to synthesize, and synthetic
peptides based on its motifs are used to avoid animal-
derived extracts (12). Synthetic fragments reproduce the
fusogenic, lytic, and surface-active properties of SP-B, but
are generally less efficient (31,33–39). Design of synthetic
preparations is complicated by a lack of understanding of
the structural features determining the activity of the
protein. A common conclusion of numerous studies (see
e.g., Serrano and Pe´rez-Gil (12) for review) is that SP-B
keeps bilayer reservoirs attached to the monolayer, perturbs
lipid packing, leading to lipid transfer, and promotesdoi: 10.1016/j.bpj.2011.02.019
SP-B Promotes Monolayer-Bilayer Transformations 1679formation of bilayer reservoirs. However, the exact mecha-
nism of its action on the molecular level remains elusive.
In this work, we investigate the possible role of SP-B
protein in lipid collective transformations between a mono-
layer at the air/water interface and bilayers in water. We
use the coarse-grained force-field MARTINI (40,41) and
perform large-scale molecular dynamics simulations. Pre-
vious simulations have examined the interactions between
SP-B fragment 1–25 and lipid monolayers in atomic detail
(42–45).Monolayer 2D-3D transformations have been simu-
lated in both atomistic and coarse-grained models (46–50).
It was shown that in the absence of proteins, lipidmonolayers
compressed to negative surface tensions undergo collapse
from the interface by buckling followed by folding into
bilayers (49,50). This collapse pathway is in agreement
with theoretical and experimental studies (see, e.g., Lee
(51) and Pocivavsek et al. (52) and references therein);
however, collapse is expected to occur at much larger and
positive surface tensions. In recent simulations with the
MARTINI force-field (50), SP-B fragment 1–25 and SP-C
protein were shown to act as defects at which bilayer folds
were nucleated at near-zero tensions. In this work, we simu-
late formation of bilayer folds frommonolayers promoted by
SP-B dimers at positive surface tensions. The proteins attach
disconnected bilayers to monolayers, and induce formation
of a stalk-like lipid connection, as in the vesicle fusion
pathway simulated earlier (53). We reproduce lipid transfer
between the interface and the subphase mediated by SP-B
and directed in a surface-tension-dependent manner.METHODS
We investigated the role of SP-B protein in the surface activity of lipid
monolayers and in transfer of lipids between monolayers and bilayers using
molecular dynamics (MD) simulations with the MARTINI force field of
a number of different systems (Table 1).System setup
The system setup included awater slab invacuumwith two symmetricmono-
layers at the two vacuum/water interfaces; where indicated, two small unila-
mellar vesicles or a bicelle were placed in water (Fig. 1, a and b). Bicelles, or
circular bilayer patches, were obtained by disrupting periodic bilayers and
equilibrating in bulk water. The vesicles were formed from bicelles by their
spontaneous bending and closing on the timescale of hundreds of nanosec-
onds. Lipid mixtures of dipalmitoyl phosphatidylcholine (DPPC), dioleoyl
phosphatidylcholine (DOPC), palmitoyloleoyl phosphatidylglycerol
(POPG), andpalmitic acid (PA)were investigated:DPPC/POPG3:1 (mixture
1); andDPPC/DOPC/POPG/PA5:2:2:1 (mixture 2).DPPC is amajor compo-
nent of lung surfactant, POPG is a prevalent anionic species, and DOPC
(as well as POPG) represents the unsaturated fraction. The surface tension
was varied between 0 and 35 mN/m. The temperature was set to 310 K, at
which the monolayers of the considered compositions form a liquid-
expanded (LE) phase in the given range of surface tensions, whereas bilayer
aggregates form a liquid-crystalline phase. Lower temperatures of 300 and
290 K were used to reproduce the liquid-condensed (LC) phase in mono-
layers in the MARTINI model. The monolayers were equilibrated in a sepa-
rate protein-free simulation at a surface tension of 35 mN/m. Bicelles withopen edges were simulated in a confined space between the twomonolayers,
preventing their closing. Bicelles were selected as bilayer models to allow
water flow as they change their position with respect to the monolayers,
which would not be possible for continuous (periodic) bilayers. In the mono-
layer-vesicle setup, the proteinswereplaced randomly inwater, vacuum, or at
interface, and the systems were equilibrated at a constant monolayer area.
In the monolayer setup, the proteins were positioned in water in the mono-
layer vicinity to obtain a symmetric distribution of proteins between the
two symmetric monolayers. After equilibration, a range of conditions was
applied (Table 1). Both monolayer and monolayer-vesicle setups included
16 SP-B proteins. In additional simulations (mixture 2), two proteins were
bound to the surfaces of both monolayer and vesicles or monolayer and
bicelle in the starting configuration (called attached setups in the text).
Each monolayer consisted of 2304 lipids, resulting in a lateral dimension
of ~40 nm. A vesicle or bicelle contained 1152 lipids, giving a diameter of
14 nm for the former. The simulation box contained ~200,000water particles
(~100,000 in the confined casewith a bicelle) with Naþ ions to neutralize the
negative charge of the POPG lipids. The total protein content was ~4% (wt),
slightly higher than in lung surfactant.Force field
Weused theMARTINI coarse-grainedmodel for lipids and proteins (40,41).
In this model, the molecules are represented by grouping four heavy atoms
(two to three in the case of ring structures) into a particle. DPPC, DOPC,
and PA are standard components of the force field; in POPG, the glycerol
group in the headgroup was represented by a polar particle (P4). In DOPC
and POPG, the angle potential in the unsaturated hydrocarbon chains
between particles C1, C2, and D3 was modified analogous to polyunsatu-
rated chains in this model. The secondary structure of SP-B protein
(Fig. 2 a) was obtained using homology with the saposin family based on
the known structures of saposin C and NK-lysin (54–56), as well as its frag-
ment called mini-B (31,37). The protein structure represents a characteristic
saposin fold with four a-helices connected by unstructured loops and linked
by three intramolecular disulfide bridges (27,57). We have tested several
similar homology models of the protein (results not shown) and use here
the most active one. The protein topology was built using the scripts down-
loaded from the MARTINI website (http://md.chem.rug.nl/~marrink/
MARTINI/). The LINCS algorithm (58,59) was used to constrain the bonds
in the aromatic side chains and the bonds between hydrophobic side chains
and backbone in the proteins. The SP-B dimer was modeled by introducing
an additional harmonic bond between C48 residues.Simulation parameters
For nonbonded interactions, the standard cutoffs for the MARTINI force
field were used: the Lennard-Jones potential was shifted to zero between
0.9 and 1.2 nm; the Coulomb potential was shifted to zero between 0 and
1.2 nm, with a relative dielectric constant of 15. The time step was 20 fs,
with neighbor list updates every 10 steps. Lipids, water, and proteins
were coupled separately to a target temperature using the velocity rescaling
thermostat (60) with a time constant of 1 ps. For simulations at constant
monolayer area, no pressure coupling was used. A surface tension was
applied using a surface-tension coupling scheme with the Berendsen baro-
stat and a time constant of 4 ps (61). The compressibility was set to zero in
the normal to the interface direction (the z axis) to maintain vacuum. Initial
equilibrations were 1 ms long, and production runs were 5 ms long, with
selected simulations extended to 10 ms as specified in Table 1.RESULTS
We explored surface tensions between 0 and 35 mN/m,
which covers the physiological range for lung surfactantBiophysical Journal 100(7) 1678–1687
TABLE 1 Summary of simulations performed
System setup
Temperature (K)
Surface
tension (mN/m)
Simulations
Mixture No. of runs Duration (ms) Final structure/outcome
Monolayer, vesicle, SP-B 1 310 30 2 5 Attached
20 1 Attached
10 2 Transfer from monolayer,
collapse1 1
2 30 2 Transfer to monolayer
20 1 Stalk
10 2 Transfer from monolayer,
collapse1 1
Monolayer, vesicle, attached by SP-B 2 35 2 Transfer to monolayer
30 2 Transfer to monolayer
20 1 Stalk
15 1 Transfer from monolayer,
collapse
Monolayer, bicelle, attached by SP-B 2 310 35 4 5 Transfer to monolayer
Monolayer, bicelle (lipids only) 2 310 35 2 5 Disconnected
Monolayer, SP-B 1 310 30 2 5 No bending, folds re-spread
20 2 Minor curvature
10 2 Local bending
9 3 10
7 3 5 Folding, collapse
5 2
300 7 1 5 LC þ LE, folding, collapse
5 1
1 2
290 7 1 5 LC, no bending
1 1
2 310 30 2 5 No bending/ folds re-spread
20 2 Minor curvature
12 3 10 Local bending
10 3 5 Folding, collapse
9 2
7 2
5 1
Monolayer (lipids only) 1 310 1 1 10 LE, stable
300 7 1 5 LCþ LE, stable
5 1 LCþLE, stable
1 1 LC, stable
290 1 1 5 LC, stable
10 1
2 310 1 1 10 LE, stable
Lipid monolayers composed of 3:1 DPPC/POPG (mixture 1) and 5:2:2:1 DPPC/POPG/DOPC/PA (mixture 2) were investigated in the specified range of
temperatures and surface tensions, in the presence and absence of SP-B proteins. The monolayer-bicelle setup contains a bicelle in the water subphase.
The monolayer-vesicle setup includes two small unilamellar vesicles in water. Monolayer and bilayer aggregates are attached by proteins in the starting
configuration in selected simulations.
1680 Baoukina and Tieleman(62). At 310 K, the considered lipid mixtures were laterally
homogeneous (no spatial clustering of lipids), and the
monolayers formed a liquid-expanded (LE) phase. The
proteins inserted into the headgroup region of lipid mono-
layers (Fig. 3, a and b) and associated primarily with
POPG (anionic) or DOPC (the most unsaturated lipid).
Near the equilibrium surface tension (at 20 mN/m), the
average numbers of protein-lipid contacts at distances
<1 nm were 2.0 and 4.0 for DPPC and POPG, respectively,
in mixture 1, and 1.6, 3.7, 3.6, and 1.3 for DPPC, POPG,
DOPC, and PA, respectively, in mixture 2 (the numbers
are per protein particle, normalized by concentration of
each lipid).Biophysical Journal 100(7) 1678–1687SP-B facilitates lipid transfer between
monolayers and bilayers
We first investigated the possible role of SP-B proteins in the
transfer of lipid molecules between a monolayer at the air/
water interface and a bilayer in water. To this end, two vesi-
cles were added in water, and surface tensions above and
below the equilibrium value (~22 mN/m) were simulated
(see Table 1).
SP-Bs diffused towards the membrane/water interface
and partitioned into the lipid headgroup region, whether
the proteins were positioned initially in water or in a
vacuum, outside the monolayer. Protein aggregates also
FIGURE 1 System setup: water slab in vacuum with two monolayers at
the two interfaces. Two vesicles (a) or a bicelle (b) are placed in water.
Lipid polar groups are shown in green, apolar groups in orange, double
bonds in the hydrocarbon chains in white, backbone of SP-B proteins in
red (side chains are not shown), and water in cyan.
SP-B Promotes Monolayer-Bilayer Transformations 1681formed in water and on the membrane surface. All proteins
and their aggregates became membrane-bound on the simu-
lation timescale. As reported previously (53), the proteins
adopted two conformations on the surface of the membrane:
bent or extended (Fig. 2, b and c).
SP-Bs in the bent conformation, resembling the structure
of NK-lysin (55), attached monolayers to vesicles bybinding to the surfaces of both membranes (Fig. 4 a).
Once attached, the connection was stable and did not disag-
gregate on the simulation timescale of 5–10 ms. Some
proteins also attached two vesicles together. Single or
multiple proteins or their aggregates (of two to four) main-
tained the connection (Fig. 4, b and c). If the proteins aggre-
gated in water, they formed a globule that could still attach
two membranes but provided a farther separation between
them, with no significant evolution of the connection.
The protein mediated formation of a lipid bridge between
the attached monolayer and vesicle. The characteristic times
for establishment of a lipid-lined connection varied between
tens of nanoseconds and microseconds, increasing for
higher surface tensions. The number of lipids protruding
out of the membranes grew rapidly, and the lipid bridge
transformed into a stalk-like structure (Fig. 4, d and f) on
a timescale of tens of nanoseconds. Formation of the stalk
followed the same pathway as fusion of two vesicles medi-
ated by SP-B, described earlier (53).
A lipid flow initiated between the monolayer and vesicle
via the stalk. The direction of the flow depended on the
surface tension in the monolayer. Below the equilibrium
surface tension (~22 mN/m), lipids were transferred from
the monolayer to the vesicle (Fig. 4 e, Movie S1 in the
Supporting Material). If the surface tension was maintained
at the same value, the monolayer collapsed. Above the
equilibrium tension, lipids were transferred from the
subphase to the monolayer (Movie S2). Near the equilib-
rium surface tension, the stalk-like lipid connection re-
mained on the simulation timescale, and only minor lipid
flow was observed.
Simulation results were similar for the two lipid compo-
sitions. The simulation outcomes at different conditions areFIGURE 2 Structure and orientation of SP-B
proteins on the surface of a lipid monolayer. (a)
The secondary structure of the protein contains
four a-helices (h1–h4) connected by unstructured
loops (solid lines) and linked by disulfide bridges
(dashed lines) forming a hairpin shape. (b and c)
A monomer bound to the monolayer surface in
the bent (b) and extended (c) conformations.
(d–f) Dimers in antiparallel (d) and parallel (e)
orientations formed by aggregation, and a cova-
lently linked dimer (f). View from the water
subphase. See Fig. 1 legend for color scheme;
water not shown.
Biophysical Journal 100(7) 1678–1687
FIGURE 3 Density profiles along the normal to the interface for SP-B,
lipid groups, and solvent at 20 mN/m, 310 K (a); 7 mN/m, 310 K (b),
and 7 mN/m, 290 K (c).
FIGURE 4 SP-B connects bilayer reservoirs to the monolayer. (a–c) An
SP-B monomer (a) and aggregates of two (b) and three (c) proteins attach
a small vesicle to a monolayer. (d and e) A lipid bridge (d) and a stalk-like
connection (e) between the monolayer and the vesicle are established.
(f) Proteins line the positively curved side of the stalk. Images correspond
to mixture 2 at 310 K and 10 mN/m at simulation times of 1 ms (a), 1.1 ms
(d), and 1.2 ms (e); first and second monolayers with vesicles at 30 mN/m at
1.8 ms (b and c), and a monolayer with fused vesicles at 30 mN/m at 4.9 ms
(f). Color scheme is as in Fig. 1.
1682 Baoukina and Tielemanreported in Table 1. The proteins attached the monolayer
and vesicles in all simulations. The stalk-like lipid connec-
tion was established more often in mixture 2 due to a higherBiophysical Journal 100(7) 1678–1687concentration of unsaturated lipids making the membranes
softer. Lower elastic moduli in this mixture reduce the
energy cost for highly curved lipid-based connections. To
obtain more information on lipid transfer, vesicles and
bicelles attached to monolayers by SP-Bs in the starting
configuration (for mixture 2, the softer lipid mixture) were
simulated. Lipid transfer from the vesicles was limited in
each case, and the inner leaflet did not merge with the mono-
layer. A small vesicle radius leading to stretching of its outer
leaflet likely makes the loss of lipids unfavorable. The lipids
FIGURE 5 SP-B connects bilayer reservoirs to the monolayer. The
protein attaches a bicelle to a monolayer (a), promotes formation of a lipid
bridge (b), which transforms into a stalk (c), and lipid flow continues to the
expanded monolayer (d). Images correspond to a monolayer of mixture 2 at
35 mN/m and 310 K, at 24 ns (a), 113 ns (b), 126 ns (c), and 137 ns (d) of
simulation. Color scheme is as in Fig. 1.
SP-B Promotes Monolayer-Bilayer Transformations 1683transferred to the stalk continued to travel to the expanded
monolayer, thus disrupting the connection. In contrast, lipid
transfer from bicelles was not restricted and continued until
the surface tension in the monolayer returned to the equilib-
rium value (see Fig. 5, a–d). The characteristic times to
establish a lipid bridge with an expanded monolayer were
also much faster (tens of nanoseconds). In the absence of
SP-B, the bicelles remained disconnected from monolayers
on the simulation timescale.FIGURE 6 (a) SP-B induces local curvature in lipid monolayers at
surface tensions below the equilibrium spreading value. (b and c) Protein
aggregates (dimers) initiate formation of bilayer folds, side view. Images
correspond to a monolayer of mixture 1 at 7 mN/m and 310 K at simulation
times of 1 ms (a), 3.7 ms (b), and 3.76 ms (c). Color scheme is as in Fig. 1.SP-B induces bilayer folds in lipid monolayers
SP-B had a strong effect on the properties of lipid mono-
layers forming a LE phase. The protein in the extended
conformation (Fig. 2 c), resembling the open structure of
saposin C (63), induced local bending of the monolayers
(Fig. 6 a) at surface tensions below the equilibrium value
(~22 mN/m). The bent conformation (Fig. 2 b) did not
lead to similar distortion; interconversion between these
conformations occurred on the microsecond timescale. On
lowering the surface tension, the amplitude of the bending
deformation increased (Fig. 6 b), and the protein center of
mass shifted out of the monolayer (compare Fig. 3,
a and b). Below a certain threshold tension, a bilayer fold
was formed from the monolayer (Fig. 6 c). The threshold
values for folding depended on lipid composition, and
were 95 1 and 125 1 mN/m for mixtures 1 and 2, respec-
tively. At near-zero surface tensions (1 mN/m), a single
protein could initiate monolayer folding. At higher surface
tensions, protein aggregation was required to produce
bilayer folds, and a dimer was sufficient. In the dimer, the
proteins adopted parallel or antiparallel orientations
(Fig. 2, d and e). Once a bilayer fold was formed, the
proteins lined its perimeter characterized by positive curva-
ture, supporting an earlier hypothesis (64). When surface
tension was maintained below the equilibrium value, the
folds grew in size, eventually leading to monolayer collapse.When surface tension was increased above equilibrium
value, the bilayer folds respreaded into the monolayer. In
the absence of proteins, the monolayers were stable at the
same conditions (Table 1) and collapsed only at zero or
negative surface tensions by buckling and folding (results
not shown), as characterized in detail in previous works
(49,50,52).Biophysical Journal 100(7) 1678–1687
1684 Baoukina and TielemanIn contrast, SP-Bs had no effect on monolayers forming
a liquid-condensed (LC) phase, similar to SP-B fragments
(50). Since bending and folding of monolayers were
observed only at low surface tensions at 310 K, we consid-
ered the same range of tensions at lower temperatures. At
290 K, mixture 1 formed a LC phase between 1 and
10 mN/m in the absence of proteins. Under these conditions,
proteins induced only minor local distortion (perturbation of
translational order without bending; see Fig. 3 c) of the
monolayer while the monolayers remained in the LC phase.
In the coexistence region of the LC and LE phases
(5–7 mN/m, 300 K), the proteins partitioned into the LE
phase, in agreement with experimental observations
(20,65,66), and initiated monolayer folding and collapse.
At conditions close to the phase transition (1 mN/m,
300 K), the proteins disordered the monolayer locally and
induced formation of LE domains from the LC phase,
with consequent monolayer collapse by folding. Reducing
the protein concentration twice had the same effect.
It is interesting to note that formation of bilayer folds
from monolayer was observed only below a certain
threshold surface tension. The threshold values depended
on the lipid composition, were positive for both mixtures,
and were below the equilibrium value (~22 mN/m). The
times required for monolayer folding decreased from the
microsecond scale to tens of nanoseconds as the surface
tension was reduced from the threshold to a near-zero value.
Since protein aggregation was necessary to produce mono-
layer folding, the observed intervals include the time
required to form a dimer from randomly distributed mono-
mers, as well as the time to bend a monolayer into a bilayer.
One factor controlling the former is protein diffusion;
however, the coefficient of long-time lateral diffusion of
protein in the LE phase did not depend noticeably on the
surface tension in the considered range (and equaled
(4.5 5 0.6)  107 cm2/s in mixture 1 and (4 5 1) 
107 cm2/s in mixture 2). Moreover, aggregation of proteins
bound to the monolayer surface was not observed at higher
surface tensions (of 20 and 30 mN/m). Establishment of
intermolecular contacts, which depends on protein interac-
tions with the monolayer and changes with surface tension
(compare the partitioning in Fig. 3, a–c), is likely the
limiting factor for dimer formation. SP-Bs are known to
dimerize by forming a disulfide bridge between cysteines
(C48-C48) (27,28). Introducing a harmonic bond between
these residues in the antiparallel dimer (Fig. 2 f) led to faster
kinetics for monolayer folding (tens of nanoseconds) but
neither changed the threshold surface tension nor had other
noticeable effects.DISCUSSION
We simulated formation of bilayer folds from a monolayer
induced by SP-B. The ability of SP-B to promote 2D-to-
3D transformations in monolayers became evident in earlierBiophysical Journal 100(7) 1678–1687experimental studies (15–17). Monolayer-bilayer transfor-
mations were also observed in previous simulations, but
only at negative or near-zero surface tensions. Unlike the
transformations in the absence of proteins, which start
with monolayer buckling/wrinkling (49,52), SP-B frag-
ments were shown to act as defects at which the folds nucle-
ated (67). In this work, the full-length proteins not only form
nucleation sites but bend the monolayer locally and line the
highly curved perimeter of the folds. This significantly
reduces the activation barrier and shifts the monolayer-
bilayer transformation to much higher surface tensions.
Covalently linked dimers appear to bend the monolayer
more efficiently and thus speed up folding.
Bilayer fold formation is followed by monolayer
collapse, which restores the surface tension to the equilib-
rium value. This collapse is characteristic for lipid mono-
layers/lung surfactant extracts containing hydrophobic
surfactant proteins (see, e.g., Rugonyi et al. (11) and Pos-
smayer et al. (68) and references therein). It manifests itself
as a plateau on the surface pressure (tension)-area
isotherms. In experiments, collapse occurs at surface
tensions close to the equilibrium value (16,17,69). In our
simulations, a monolayer disconnected from any bilayer
structures initially can sustain somewhat lower tensions.
Once a bilayer fold is formed, the surface tension is readily
restored to the equilibrium value on timescales much faster
(tens of nanoseconds) than can be resolved experimentally.
This hysteresis is characteristic for first-order phase transi-
tions and is associated with creating a fold nucleus. The
energy for fold formation includes the work of increasing
the monolayer area against the surface tension. This work
vanishes at low tensions but is finite near equilibrium values.
The activation barrier for folding while lowered by SP-B
increases with increasing surface tension. On the other
hand, the presence of an already formed bilayer fold or
a vesicle attached by the protein provides lipid flow/mono-
layer collapse at much higher tensions approaching
equilibrium.
Our simulations show that SP-B can attach bilayer reser-
voirs to the monolayer. Such close proximity or direct
association provides an immediate source of surfactant for
the interface instead of relying on diffusion of material in
the water subphase. Bilayer reservoirs underlying the mono-
layer are also believed to play an additional role of stabilizing
the interface against collapse at low surface tensions (20–22).
Our simulations do not address this question, but they suggest
that attachment of disconnected bilayers by proteins consti-
tutes the first step for formation of a lipid-lined connection
between the interface and the subphase.
We observe the formation of a stalk connecting bilayer
reservoirs to a monolayer mediated by SP-B. This structure
likely represents the rate-limiting step in surfactant collective
adsorption/transfer to the interface (11,12), as it is character-
ized by high curvature and a high energy barrier. The ability
of hydrophobic surfactant proteins (SP-B and SP-C) to
SP-B Promotes Monolayer-Bilayer Transformations 1685promote the stalk has been related to their effect on the curva-
ture of lipid phases (13). Inducing a negative spontaneous
curvature in a lipid-protein mixture would decrease the
energy barrier for forming the negatively curved stalk.
Here, we show that the transition to stalk proceeds along
a fusion pathway (70) from establishment of close contact
by protein binding to both membranes, to lipid protrusions
and formation of a lipid bridge along the protein wedge.
Once the stalk is formed, we observe lipid transfer to/from
the monolayer. The flow is directed to the interface if the
surface tension increases above the equilibrium. This
prevents further increase of surface tension on expansion of
the gas exchange interface at inhalation. On interface
compression, lipid flow from the interface could provide
refinement of the monolayer composition. Although there is
a contradiction to whether the squeeze-out of material from
the interface is selective to certain components (unsaturated
lipid fraction; see, e.g., (9,71) and (72–74)), experimental
studies generally agree that bilayer reservoirs appear and
grow from monolayers below the equilibrium tension.
The activities of full-length SP-B observed in this study
rely on the ability of the protein to adopt bent and extended
conformations upon binding to a membrane surface, and to
interconvert between the conformations. Protein fragments
(e.g., SP-B 1–25 or mini-B) could achieve similar effects
by mimicking these conformations upon aggregation. The
activity of SP-B fragments via aggregation would probably
have slower kinetics due to times for diffusion and establish-
ment of intermolecular contacts, and could require a higher
local concentration. In addition, cooperative rearrangements
of protein domains to distort lipid membranes could be less
effective for disconnected protein fragments. Earlier exper-
imental studies confirmed that SP-B fragments can repro-
duce the properties of the full-length protein but are less
efficient (31,35,37,75,76). In our simulations, mini-B aggre-
gates attached vesicles and monolayers and induced mono-
layer folding (results not shown). However, folding occurred
over longer times and at lower surface tensions compared to
the case with full-length SP-B, whereas attachment did not
lead to lipid transfer. In the same manner, covalently linked
SP-B homodimer provided faster kinetics for monolayer
folding than did monomer aggregates.
The limitations of our simulations are the short timescale
(1–10 ms) and the small lengthscale (~40 nm) compared to
those in experiments. In a macroscopically large monolayer
versus a few tens of nanometers in simulations, there is
a higher probability that monolayer folding will occur. Simu-
lation times used may not be sufficient to observe the system
overcoming higher activation barriers, such as for monolayer
folding close to the equilibrium tension. In addition, experi-
mentally observed monolayer collapse is only partial near
equilibrium values and allows further reduction of surface
tension. The properties promoting partialmonolayer collapse
are currently being investigated (S. Baoukina andD. P. Tiele-
man, unpublished work). In this work, we considered mono-meric proteins, and a covalently linked dimer was used only
in the case of monolayer folding. Dimer models tested so far
did not lead to noticeable improvements in lipid transfer and
remain a subject for further study. The model for the protein
monomer was used in an earlier work (53); its secondary
structure is fixed by the parameters of the force field, but
spatial rearrangements are unrestricted (41). Atomistic simu-
lations could providemore details on the protein’s conforma-
tional space and interactions with lipids. At the other
extreme, less detailed models or much larger simulation
models at the current resolution would be needed to study
longer-range interactions, e.g., between multiple bilayer
reservoirs or networks of proteins and their effects on mono-
layer-bilayer transformations.
Despite these limitations, our simulations are in good
agreement with the hypotheses on SP-B activity in lung
surfactant derived from a large number of experimental
and theoretical works. This study reveals the molecular
mechanisms for connecting bilayer reservoirs to a mono-
layer, promoting their close proximity; formation of bilayer
reservoirs from a monolayer; and surface tension-dependent
lipid transfer between the interface and the sub-phase medi-
ated by SP-B proteins.CONCLUSIONS
We have investigated by detailed computer simulations the
role of the full-length SP-B protein in a characteristic sapo-
sin-fold structure that interconverts between extended and
bent conformations. We have shown that SP-Bs 1), induce
formation of bilayer reservoirs by monolayer folding below
the equilibrium surface tension; 2), attach disconnected
bilayer aggregates in water to a monolayer at the inter-
face; 3), facilitate lipid transfer between these structures
in a surface-tension-dependent manner. These activities
underlie the crucial role of SP-B in the function of lung
surfactant, namely, maintaining the surface tension at the
gas-exchange interface at low values, which is necessary
for breathing.SUPPORTING MATERIAL
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supplemental/S0006-3495(11)00236-0.
The simulations described here were performed on Westgrid/Compute
Canada facilities.
S.B. is supported by a postdoctoral fellowship from the Alberta Heritage
Foundation for Medical Research (AHFMR). D.P.T. is an AHFMR Scien-
tist. This work was supported by the Natural Sciences and Engineering
Research Council of Canada.REFERENCES
1. Postle, A. D., E. L. Heeley, and D. C. Wilton. 2001. A comparison of
the molecular species compositions of mammalian lung surfactantBiophysical Journal 100(7) 1678–1687
1686 Baoukina and Tielemanphospholipids. Comp. Biochem. Physiol. A Mol. Integr. Physiol.
129:65–73.
2. Veldhuizen, R., K. Nag, ., F. Possmayer. 1998. The role of lipids in
pulmonary surfactant. Biochim. Biophys. Acta. 1408:90–108.
3. Pe´rez-Gil, J. 2008. Structure of pulmonary surfactant membranes and
films: the role of proteins and lipid-protein interactions. Biochim. Bio-
phys. Acta. 1778:1676–1695.
4. Possmayer, F. 1988. A proposed nomenclature for pulmonary surfac-
tant-associated proteins. Am. Rev. Respir. Dis. 138:990–998.
5. Zuo, Y. Y., R. A. W. Veldhuizen, ., F. Possmayer. 2008. Current
perspectives in pulmonary surfactant—inhibition, enhancement and
evaluation. Biochim. Biophys. Acta. 1778:1947–1977.
6. Schu¨rch, S., R. Qanbar,., F. Possmayer. 1995. The surface-associated
surfactant reservoir in the alveolar lining. Biol. Neonate. 67
(Suppl 1):61–76.
7. Amrein, M., A. von Nahmen, and M. Sieber. 1997. A scanning force-
and fluorescence light microscopy study of the structure and function
of a model pulmonary surfactant. Eur. Biophys. J. 26:349–357.
8. Lipp, M. M., K. Y. C. Lee, ., A. J. Waring. 1998. Coexistence of
buckled and flat monolayers. Phys. Rev. Lett. 81:1650–1653.
9. Clements, J. A. 1977. Functions of the alveolar lining. Am. Rev. Respir.
Dis. 115:67–71.
10. Pe´rez-Gil, J., and K. M. W. Keough. 1998. Interfacial properties of
surfactant proteins. Biochim. Biophys. Acta. 1408:203–217.
11. Rugonyi, S., S. C. Biswas, and S. B. Hall. 2008. The biophysical func-
tion of pulmonary surfactant. Respir. Physiol. Neurobiol. 163:244–255.
12. Serrano, A. G., and J. Pe´rez-Gil. 2006. Protein-lipid interactions and
surface activity in the pulmonary surfactant system. Chem. Phys.
Lipids. 141:105–118.
13. Chavarha, M., H. Khoojinian, ., S. B. Hall. 2010. Hydrophobic
surfactant proteins induce a phosphatidylethanolamine to form cubic
phases. Biophys. J. 98:1549–1557.
14. Malcharek, S., A. Hinz,., H. J. Galla. 2005. Multilayer structures in
lipid monolayer films containing surfactant protein C: effects of choles-
terol and POPE. Biophys. J. 88:2638–2649.
15. Ding, J. Q., D. Y. Takamoto, ., J. A. Zasadzinski. 2001. Effects of
lung surfactant proteins, SP-B and SP-C, and palmitic acid on mono-
layer stability. Biophys. J. 80:2262–2272.
16. Diemel, R. V., M. M. E. Snel, ., J. J. Batenburg. 2002. Multilayer
formation upon compression of surfactant monolayers depends on
protein concentration as well as lipid composition. An atomic force
microscopy study. J. Biol. Chem. 277:21179–21188.
17. Krol, S., M. Ross, ., A. Janshoff. 2000. Formation of three-dimen-
sional protein-lipid aggregates in monolayer films induced by surfac-
tant protein B. Biophys. J. 79:904–918.
18. Kramer, A., A. Wintergalen, ., R. Guckenberger. 2000. Distribution
of the surfactant-associated protein C within a lung surfactant model
film investigated by near-field optical microscopy. Biophys. J.
78:458–465.
19. Gaines, G. L. 1966. Insoluble Monolayers at Liquid-Gas Interfaces.
Wiley (Interscience), New York.
20. Cruz, A., L. A. Worthman,., J. Pe´rez-Gil. 2000. Microstructure and
dynamic surface properties of surfactant protein SP-B/dipalmitoyl-
phosphatidylcholine interfacial films spread from lipid-protein bila-
yers. Eur. Biophys. J. 29:204–213.
21. Leonenko, Z., S. Gils, S. Baoukina, L. Monticelli, J. Doehner, L. Gu-
nasekara, F. Felderer, M. Rodenstein, L. M. Eng, and M. W. Amrein.
2007. An elevated level of cholesterol impairs self assembly of pulmo-
nary surfactant into a functional film. Biophys. J. 93:674–683.
22. Zuo, Y. Y., E. Keating, ., F. Possmayer. 2008. Atomic force micros-
copy studies of functional and dysfunctional pulmonary surfactant
films. I. Micro- and nanostructures of functional pulmonary surfactant
films and the effect of SP-A. Biophys. J. 94:3549–3564.Biophysical Journal 100(7) 1678–168723. Glasser, S. W., M. S. Burhans,., J. A.Whitsett. 2001. Altered stability
of pulmonary surfactant in SP-C-deficient mice. Proc. Natl. Acad. Sci.
USA. 98:6366–6371.
24. Nogee, L. M. 2004. Alterations in SP-B and SP-C expression in
neonatal lung disease. Annu. Rev. Physiol. 66:601–623.
25. Nogee, L. M., G. Garnier, ., H. R. Colten. 1994. A mutation in the
surfactant protein B gene responsible for fatal neonatal respiratory
disease in multiple kindreds. J. Clin. Invest. 93:1860–1863.
26. Clark, J. C., S. E. Wert,., J. A. Whitsett. 1995. Targeted disruption of
the surfactant protein B gene disrupts surfactant homeostasis, causing
respiratory failure in newborn mice. Proc. Natl. Acad. Sci. USA.
92:7794–7798.
27. Hawgood, S., M. Derrick, and F. Poulain. 1998. Structure and proper-
ties of surfactant protein B. Biochim. Biophys. Acta. 1408:150–160.
28. Johansson, J., T. Curstedt,., H. Jo¨rnvall. 1988. Size and structure of
the hydrophobic low molecular weight surfactant-associated polypep-
tide. Biochemistry. 27:3544–3547.
29. Patthy, L. 1991. Homology of the precursor of pulmonary surfactant-
associated protein SP-B with prosaposin and sulfated glycoprotein 1.
J. Biol. Chem. 266:6035–6037.
30. Gordon, L. M., K. Y. C. Lee,., A. J. Waring. 2000. Conformational
mapping of the N-terminal segment of surfactant protein B in lipid
using 13C-enhanced Fourier transform infrared spectroscopy. J. Pept.
Res. 55:330–347.
31. Sarker, M., A. J. Waring, ., V. Booth. 2007. Structure of mini-B,
a functional fragment of surfactant protein B, in detergent micelles.
Biochemistry. 46:11047–11056.
32. Lewis, J. F., and R. Veldhuizen. 2003. The role of exogenous surfactant
in the treatment of acute lung injury. Annu. Rev. Physiol. 65:613–642.
33. Veldhuizen, E. J. A., A. J. Waring,., H. P. Haagsman. 2000. Dimeric
N-terminal segment of human surfactant protein B (dSP-B(1–25)) has
enhanced surface properties compared to monomeric SP-B(1–25).
Biophys. J. 79:377–384.
34. Kang, J. H., M. K. Lee, ., K. S. Hahm. 1996. The relationships
between biophysical activity and the secondary structure of synthetic
peptides from the pulmonary surfactant protein SP-B. Biochem. Mol.
Biol. Int. 40:617–627.
35. Lipp, M. M., K. Y. C. Lee, ., A. J. Waring. 1996. Phase and
morphology changes in lipid monolayers induced by SP-B protein
and its amino-terminal peptide. Science. 273:1196–1199.
36. Lee, K. Y. C., M. M. Lipp, ., A. J. Waring. 1997. Effects of lung
surfactant specific protein SP-B and model SP-B peptide on lipid
monolayers at the air-water interface. Colloids Surf. A-Physicochem.
Eng. Asp. 128:225–242.
37. Ryan, M. A., X. Y. Qi,., T. E. Weaver. 2005. Mapping and analysis of
the lytic and fusogenic domains of surfactant protein B. Biochemistry.
44:861–872.
38. Curstedt, T., and J. Johansson. 2010. Different effects of surfactant
proteins B and C—implications for development of synthetic surfac-
tants. Neonatology. 97:367–372.
39. Dohm, M. T., N. J. Brown, ., A. E. Barron. 2010. Mimicking SP-C
palmitoylation on a peptoid-based SP-B analogue markedly improves
surface activity. Biochim. Biophys. Acta. 1798:1663–1678.
40. Marrink, S. J., H. J. Risselada,., A. H. de Vries. 2007. The MARTINI
force field: coarse grained model for biomolecular simulations. J. Phys.
Chem. B. 111:7812–7824.
41. Monticelli, L., S. K. Kandasamy, ., S. J. Marrink. 2008. The
MARTINI coarse-grained force field: extension to proteins. J. Chem.
Theory Comput. 4:819–834.
42. Kandasamy, S. K., and R. G. Larson. 2005. Molecular dynamics study
of the lung surfactant peptide SP-B1–25 with DPPC monolayers:
insights into interactions and peptide position and orientation.
Biophys. J. 88:1577–1592.
43. Lee, H., S. K. Kandasamy, and R. G. Larson. 2005.Molecular dynamics
simulations of the anchoring and tilting of the lung-surfactant peptide
SP-B1–25 in palmitic acid monolayers. Biophys. J. 89:3807–3821.
SP-B Promotes Monolayer-Bilayer Transformations 168744. Kaznessis, Y. N., S. Kim, and R. G. Larson. 2002. Specific mode of
interaction between components of model pulmonary surfactants using
computer simulations. J. Mol. Biol. 322:569–582.
45. Freites, J. A., Y. Choi, and D. J. Tobias. 2003. Molecular dynamics
simulations of a pulmonary surfactant protein B peptide in a lipid
monolayer. Biophys. J. 84:2169–2180.
46. Lorenz, C. D., and A. Travesset. 2006. Atomistic simulations of Lang-
muir monolayer collapse. Langmuir. 22:10016–10024.
47. Rose, D., J. Rendell,., V. Booth. 2008. Molecular dynamics simula-
tions of lung surfactant lipid monolayers. Biophys. Chem. 138:67–77.
48. Baoukina, S., L. Monticelli, ., D. P. Tieleman. 2007. The molecular
mechanism of monolayer-bilayer transformations of lung surfactant
from molecular dynamics simulations. Biophys. J. 93:3775–3782.
49. Baoukina, S., L. Monticelli, ., D. P. Tieleman. 2008. The molecular
mechanism of lipid monolayer collapse. Proc. Natl. Acad. Sci. USA.
105:10803–10808.
50. Duncan, S. L., and R. G. Larson. 2010. Folding of lipid monolayers
containing lung surfactant proteins SP-B1–25 and SP-C studied via
coarse-grained molecular dynamics simulations. Biochim. Biophys.
Acta. 1798:1632–1650.
51. Lee, K. Y. C. 2008. Collapse mechanisms of Langmuir monolayers.
Annu. Rev. Phys. Chem. 59:771–791.
52. Pocivavsek, L., R. Dellsy,., E. Cerda. 2008. Stress and fold localiza-
tion in thin elastic membranes. Science. 320:912–916.
53. Baoukina, S., and D. P. Tieleman. 2010. Direct simulation of protein-
mediated vesicle fusion: lung surfactant protein B. Biophys. J.
99:2134–2142.
54. Ahn, V. E., P. Leyko,., G. G. Prive´. 2006. Crystal structures of sap-
osins A and C. Protein Sci. 15:1849–1857.
55. Liepinsh, E., M. Andersson,., G. Otting. 1997. Saposin fold revealed
by the NMR structure of NK-lysin. Nat. Struct. Biol. 4:793–795.
56. Rossmann, M., R. Schultz-Heienbrok, ., T. Maier. 2008. Crystal
structures of human saposins C andD: implications for lipid recognition
and membrane interactions. Structure. 16:809–817.
57. Johansson, J., T. Curstedt, and H. Jo¨rnvall. 1991. Surfactant protein B:
disulfide bridges, structural properties, and kringle similarities.
Biochemistry. 30:6917–6921.
58. Hess, B. 2008. P-LINCS: a parallel linear constraint solver for molec-
ular simulation. J. Chem. Theory Comput. 4:116–122.
59. Hess, B., H. Bekker, ., J. Fraaije. 1997. LINCS: a linear constraint
solver for molecular simulations. J. Comput. Chem. 18:1463–1472.
60. Bussi, G., D. Donadio, and M. Parrinello. 2007. Canonical sampling
through velocity rescaling. J. Chem. Phys. 126:014101.
61. Berendsen, H. J. C., J. P. M. Postma,., J. R. Haak. 1984. Molecular
dynamics with coupling to an external bath. J. Chem. Phys. 81:3684–
3690.62. Bachofen, H., and S. Schu¨rch. 2001. Alveolar surface forces and lung
architecture. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 129:
183–193.
63. Hawkins, C. A., E. de Alba, and N. Tjandra. 2005. Solution structure of
human saposin C in a detergent environment. J. Mol. Biol. 346:1381–
1392.
64. Krol, S., A. Janshoff, ., H. J. Galla. 2000. Structure and function of
surfactant protein B and C in lipid monolayers: a scanning force
microscopy study. Phys. Chem. Chem. Phys. 2:4586–4593.
65. Nag, K., S. G. Taneva,., K. M. Keough. 1997. Combinations of fluo-
rescently labeled pulmonary surfactant proteins SP-B and SP-C in
phospholipid films. Biophys. J. 72:2638–2650.
66. Seifert, M., D. Breitenstein, ., H. J. Galla. 2007. Solubility vs. elec-
trostatics: what determines the lipid/protein interaction in the lung
surfactant. Biophys. J. 93:1192–1203.
67. Duncan, S. L., and R. G. Larson. 2008. Comparing experimental and
simulated pressure-area isotherms for DPPC. Biophys. J. 94:2965–
2986.
68. Possmayer, F., S. B. Hall,., S. Orgeig. 2010. Recent advances in alve-
olar biology: some new looks at the alveolar interface. Respir. Physiol.
Neurobiol. 173 (Suppl ):S55–S64.
69. Takamoto, D. Y., M. M. Lipp,., J. A. Zasadzinski. 2001. Interaction
of lung surfactant proteins with anionic phospholipids. Biophys. J.
81:153–169.
70. Chernomordik, L. V., and M. M. Kozlov. 2008. Mechanics of
membrane fusion. Nat. Struct. Mol. Biol. 15:675–683.
71. Bangham, A. D., C. J. Morley, and M. C. Phillips. 1979. The physical
properties of an effective lung surfactant. Biochim. Biophys. Acta.
573:552–556.
72. Piknova, B., W. R. Schief,., S. B. Hall. 2001. Discrepancy between
phase behavior of lung surfactant phospholipids and the classical
model of surfactant function. Biophys. J. 81:2172–2180.
73. Smith, E. C., J. M. Crane,., S. B. Hall. 2003. Metastability of a super-
compressed fluid monolayer. Biophys. J. 85:3048–3057.
74. Yu, S. H., and F. Possmayer. 2003. Lipid compositional analysis of
pulmonary surfactant monolayers and monolayer-associated reser-
voirs. J. Lipid Res. 44:621–629.
75. Frey, S. L., L. Pocivavsek,., K. Y. Lee. 2010. Functional importance
of the NH2-terminal insertion sequence of lung surfactant protein B.
Am. J. Physiol. Lung Cell. Mol. Physiol. 298:L335–L347.
76. Walther, F. J., A. J. Waring,., R. H. Notter. 2010. Critical structural
and functional roles for the N-terminal insertion sequence in surfactant
protein B analogs. PLoS ONE. 5:e8672.Biophysical Journal 100(7) 1678–1687
